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In the node of mouse embryo, rotational movements of cilia generate an external liquid ﬂow known as
nodal ﬂow, which determines left–right asymmetric gene expression. How nodal ﬂow is converted into
asymmetric gene expression is still controversial, but the increase of Ca2þ levels in endodermal cells to
the left of the node has been proposed to play a role. However, Ca2þ signals inside the node itself have
not yet been described. By our optimized Ca2þ imaging method, we were able to observe dynamic Ca2þ
signals in the node in live mouse embryos. Pharmacological disruption of Ca2þ signals did not affect
ciliary movements or nodal ﬂow, but did alter the expression patterns of the Nodal and Cerl-2 genes.
Quantitative analyses of Ca2þ signal frequencies and distributions showed that during left–right axis
establishment, formerly symmetric Ca2þ signals became biased to the left side. In iv/ivmutant embryos
that showed randomized laterality due to ciliary immotility, Ca2þ signals were found to be variously
left-sided, right-sided, or bilateral, and thus symmetric on average. In Pkd2 mutant embryos, which
lacked polycystin-2, a Ca2þ-permeable cation channel necessary for left–right axis formation, the Ca2þ
signal frequency was lower than in wild-type embryos. Our data support a model in which dynamic
Ca2þ signals in the node are involved in left–right patterning.
& 2013 Elsevier Inc. All rights reserved.Introduction
The patterning of the left–right body axis takes place during
early somitogenesis in the mouse embryo (Shiratori and Hamada,
2006). At embryonic day (E) 7.5, a structure called the node
appears at the posterior end of the developing notochord. Cells in
the node have motile primary cilia whose rotation generates a
unidirectional, external liquid ﬂow known as ‘‘nodal ﬂow’’
(Nonaka et al., 1998). Nodal ﬂow is crucial for breaking left–
right symmetry; the direction of ﬂow has been shown to deter-
mine the left–right patterning in the embryo (Nonaka et al.,
2002). The absence of nodal ﬂow in iv/iv mutants, which possess
defects in ciliary motility, results in randomized laterality (Okada
et al., 1999), but this can be rescued by artiﬁcial external ﬂow
(Nonaka et al., 2002).
Nodal ﬂow induces tissue polarization of the node along the
left–right axis. Indeed, genes such as Nodal and Cerl-2 are
expressed asymmetrically in the periphery of the nodell rights reserved.(Kawasumi et al., 2011; Lowe et al., 1996; Marques et al., 2004),
where histologically distinctive crown cells are located. Thus, the
cells must somehow transduce the nodal ﬂow into a signal
triggering tissue polarization: the mechanism by which this
occurs is still unclear. In some models, the peripheral node cells
have been proposed to play key roles in this process. For instance,
in a mechanosensing model, cilia on the left margin of the node
mechanically sense the ﬂow (McGrath et al., 2003), and in a
chemosensing model, chemical signals are delivered by the ﬂow
to cells on the left side (Tanaka et al., 2005). In both models,
calcium ion (Ca2þ) signals are thought to be important, since an
increase of intracellular Ca2þ has been observed in endodermal
cells just to the left side of the node. In addition, in studies where
the Pkd2 gene encoding the Ca2þ-permeable cation channel
polycystin-2 was knocked out, laterality defects were observed
(Pennekamp et al., 2002), and the Ca2þ increase in endodermal
cells on the left side of the node was abolished (McGrath et al.,
2003). Furthermore, Yoshiba et al. (2012) recently reported that
polycystin-2 is speciﬁcally required in the crown cells for sensing
the nodal ﬂow. These results suggest that Ca2þ signaling
mediated by polycystin-2 in the peripheral cells of the node plays
a crucial role in left–right axis formation.
D. Takao et al. / Developmental Biology 376 (2013) 23–3024In previous studies, Ca2þ indicators Fluo-3 and Fluo-4 have
been used to visualize intracellular Ca2þ in endodermal cells near
the node margin, but for unknown reasons, the loading efﬁciency
in the node itself is extremely low. Therefore, Ca2þ signals inside
the node have not yet been successfully examined. In addition,
Ca2þ dynamics have not been reported previously over either
short (seconds to minutes) or long (hours) time scales. Since a
good understanding of the dynamics of Ca2þ signals inside the
node during morphogenesis is important if we are to reveal the
mechanisms underlying left–right patterning, we searched for
conditions amenable for visualizing Ca2þ dynamics in the node.
We found novel Ca2þ signals in the node that were more dynamic
than those previously observed in the endoderm. In this study, we
closely examined the spatiotemporal distribution of Ca2þ signals
in the node and their role in left–right patterning.Materials and methods
Mutant mice
iv/iv mice were previously described (Supp et al., 1997). Pkd2
knockout mice were generated in the Laboratory for Animal
Resources and Genetic Engineering, RIKEN Center for Develop-
mental Biology (Acc. no. CDB0530K: http://www.cdb.riken.jp/arg/
mutant%20mice%20list.html) as described (http://www.cdb.riken.
jp/arg/Methods.html), similarly to that previously described
(Pennekamp et al., 2002). Gene map and primer sequences used
for genotyping PCR are shown in Fig. S1. Since Pkd2 / embryos
die between E12.5 and birth, they were generated by Pkd2 þ /
intercrosses. For the Ca2þ imaging experiments, ectoplacental
cones were removed after observations and the rest of the
embryonic tissue was genotyped.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed according
to standard procedures. In brief, embryos were hybridized with
digoxigenin-labeled probes. Alkaline phosphatase conjugated
with anti-digoxigenin antibody was used to detect the probes
and color was developed with NBT/BCIP for visualizing probe
localizations (Roche).
Whole embryo culture
Embryos were collected at the early headfold stage in HEPES-
buffered Dulbecco’s modiﬁed Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum. The embryos were then
cultured with rotation under a humidiﬁed atmosphere of 5% CO2
at 37 1C in 50 ml tubes containing 50% rat serum in DMEM. In
some experiments, 5 mM ionomycin or 50 nM thapsigargin was
added to the medium. For whole-mount in situ hybridization,
embryos were collected at the ﬁve- to six-somite stage for Nodal
or the two-somite stage for Cerl-2 expression proﬁling and ﬁxed
in 4% paraformaldehyde in PBS at 4 1C overnight.
Ca2þ imaging in the node of live embryos
Embryos were loaded with Fura-PE3 as follows: embryos were
incubated at 37 1C for 30 min in 0.5 ml DMEM containing 10 mM
Fura-PE3-AM (acetoxymethyl ester of Fura-PE3, Santa Cruz Bio-
technology), 0.1% pluronic F127 (Invitrogen), and 0.1% bovine
serum albumin in 1.5 ml tubes. After incubation, embryos were
washed twice with DMEM supplemented with 10% fetal bovine
serum. Embryos loaded with Fura-PE3 were observed using a
two-photon microscope system, FV1000 (Olympus), based on anupright microscope BX61WI (Fig. S2). The microscope was
equipped with a stage-top incubator (Tokai Hit), allowing the
observation of the embryos under a humidiﬁed atmosphere of 5%
CO2 at 37 1C. A holding chamber was made by drilling a hole (0.4–
1.0 mm in diameter) on the bottom of a plastic dish. The embryo
was placed in this chamber such that the node faced up towards
the objective. A coverslip was then placed over the embryo, atop a
0.5 mm thick silicone spacer with a channel that allowed the
exchange of medium, namely 4 ml of 50% rat serum in DMEM.
The chamber was set on the microscope stage and allowed to sit
for 10 min prior to imaging to prevent false ﬂow signals resulting
from embryo manipulation. An excitation wavelength of 800 nm
was used, and signals below 690 nm were detectable. A water
immersion objective, XLPLN25XWMP (25 , NA 1.05, Olympus),
was used. Time-lapse images were typically obtained at an X–Y
spatial resolution of 256256 pixels (169169 mm2) and 15 Z-
slices at 3 mm intervals were taken for each time point. The time
resolution was approximately 1 frame/second, or 50 Z-stacks for a
13 min acquisition time.
Analyses for the nodal ﬂow and ciliary beat frequency
For the particle image velocimetry (PIV) analysis used to
quantify nodal ﬂow, the setup was similar to that employed for
Ca2þ imaging. Fluorescent microbeads (0.2 mm diameter, Invitro-
gen) were added to the medium and the movement of the beads
was observed with a confocal microscope (FV1000, Olympus) at
an excitation wavelength of 488 nm. The images were then
processed with our custom program in Mathematica software
(Wolfram, version 8). Parameters were comparable to those
previously described (Hashimoto et al., 2010): ﬂuorescence
images in planes 10 mm above the surface of the node were
obtained for 300 frames with 0.43 s time intervals; the image
resolution was 256256 pixels; the interrogation window size
was 2121 pixels (1414 mm2) with a 50% overlap.
Ciliary movements in the node were visualized using a differ-
ential interference contrast (DIC) microscope (FV1000, Olympus)
equipped with a high-speed CMOS camera (ORCA Flash 4.0,
Hamamatsu). A water immersion objective, UPLSAPO60XW
(60 , NA 1.2, Olympus), was used. A chamber was created by
placing a 0.3 mm thick silicone spacer on a glass slide and ﬁlling it
with DMEM with 10% FBS. The node-containing region of the
embryo was excised and placed in this chamber, and subsequently
sealed with a coverslip. DIC images were acquired at a rate of 100
frames/second for 3 s and were processed with ImageJ. The
temporally averaged image was subtracted from the original
images so that only the cilia were visible (Nonaka et al., 2005).
From the images, 10 motile cilia were randomly selected for each
embryo and the ciliary beat frequencies were determined through
our custom Mathematica program, by calculating autocorrelations
of periodical ﬂuctuations in image intensities around the cilia.Results
Ca2þ imaging in the node of the mouse embryo
In previous work visualizing Ca2þ signals around the node in
mouse embryos, Fluo-3 or Fluo-4 was used as the Ca2þ indicator
(McGrath et al., 2003; Tanaka et al., 2005; Hadjantonakis et al.,
2008). However, the loading efﬁciency of Fluo-3 and Fluo-4 in its
acetoxymethyl (AM) ester form is extremely low inside the node
cells. We therefore searched for other indicators, and found that
the AM ester forms of Fura-2 and its derivative, Fura-PE3, were
more efﬁciently loaded into node cells. Since these dyes have
maximum absorption wavelengths in the ultraviolet range, we
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phototoxicity. Embryos developed normally in culture after ima-
ging, indicating that the effects of the dye-loading and imaging
procedures on embryogenesis were negligible. Although uptake of
Fura-2 and Fura-PE3 into the node cells was still low compared
with adjacent endodermal cells, the ﬂuorescence signal was
sufﬁcient to visualize Ca2þ dynamics (Fig. 1A, B). Fura-PE3 has
similar properties to Fura-2, except Fura-PE3 is more resistant to
leakage and compartmentalization in mitochondria and other
organelles (Vorndran et al., 1995), allowing imaging up to
30 min after loading. Thus, for the following experiments, we
used Fura-PE3 as the Ca2þ indicator.A 
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To precisely describe the properties of Ca2þ signals in the
node, we developed a method of quantifying the spatiotemporal
distribution of Ca2þ signals (Suppl. methods, Figs. S3–S5). This
allowed us to successfully map sites of Ca2þ increase on ﬂuores-
cence images (Fig. 1D, E, Movie 1). The period of each transient is
around 1 min, and the acquisition rate of images covering the
entire node was high enough to resolve Ca2þ signals in the node
(Fig. S4). Using this mapping data, signal frequency distributions
could be also visualized (Fig. 1F, Fig. 2A).
Next, to investigate the function of Ca2þ signals in the node,
we searched for conditions that disrupted the signals. We found
that the Ca2þ signals disappeared within a few minutes after the
addition of 5 mM ionomycin or 50 nM thapsigargin (Fig. 2B, C,
Movie 2, Movie 3). While ionomycin increases intracellular Ca2þ
concentration relative to extracellular levels, thapsigargin
depletes the internal Ca2þ store. Unless otherwise stated, these
drugs were added at the same concentrations and the embryos
were incubated for 41 h prior to each experiment. During the
dye-loading, washing, and imaging steps, the embryo-containing
media were also supplemented with the appropriate drug.
Ciliary movements in the node are independent of dynamic Ca2þ
signals
Since Ca2þ signals are involved in the regulation of ciliary
movements in other cell types (Evans and Sanderson, 1999;
Iwadate and Nakaoka, 2008; Shiba et al., 2008; Qin and Xiang,
2011), we next examined whether disruptions of Ca2þ signals
affected ciliary movements in the node. As mentioned earlier,
rotation of nodal cilia generates ‘‘nodal ﬂow’’, a unidirectional
external ﬂow required for left–right patterning (Nonaka et al.,
1998). In our experimental setup, nodal ﬂow was normally
generated when movements of ﬂuorescent beads near the surface
of the node were observed. Particle image velocimetry (PIV)Fig. 3. Analyses of nodal ﬂow and ciliary movements in the node. (A–C) Example resu
ionomycin (B) or thapsigargin (C). Colors of arrows indicate directionalities: blue, righ
embryos were averaged for each condition. Bars indicate SD.analysis conﬁrmed the existence of the unidirectional ﬂow
(Fig. 3A). In the presence of ionomycin or thapsigargin, nodal
ﬂow was similar to otherwise equivalent control conditions
(Fig. 3B, C). In addition, there was no signiﬁcant difference in
ciliary beat frequency between drug-treated and control condi-
tions (Fig. 3D). These results indicate that ciliary movements in
the node are independent of dynamic Ca2þ signals.
Disruption of Ca2þ signals resulted in abnormal Nodal and Cerl-2
expression patterns
The gene Pkd2 encodes polycystin-2, a Ca2þ-permeable cation
channel that is important for left–right axis formation. In Pkd2
knockout embryos, Nodal expression in the lateral plate meso-
derm (LPM), which is normally found only on the left side, is
absent (Pennekamp et al., 2002). This suggests that Ca2þ signals
somehow regulate Nodal signaling. The left-sided expression of
Nodal in the LPM was largely maintained in the control embryos
(Fig. 4A, C). Nodal expression was absent in the LPM in a relatively
high proportion (10/21), which is probably due to artifact of
rotation culture. However, the major populations of normal
expression patterns were reproducibly observed for marker genes
(Nodal and Cerl-2), as previously reported (Oki et al., 2009). We
therefore used this system to test whether disruptions in Ca2þ
signals altered Nodal expression in the LPM Embryos were
cultured in the presence of either ionomycin or thapsigargin.
While bilateral Nodal expression was observed in ionomycin-
treated embryos (Fig. 4B, C), Nodal expression in the LPM was
completely absent in thapsigargin-treated embryos (Fig. S6A, B).
In addition, Nodal expression levels in the node were extremely
low in thapsigargin-treated embryos (Fig. S6A).
Moreover, we observed the expression pattern of Cerl-2 in the
node (Fig. 4D–F). Cerl-2 is an antagonist of Nodal, and the
asymmetric, high expression of Cerl-2 on the right-side of the
node is considered to be important for left-speciﬁc expression of
Nodal in the LPM (Marques et al., 2004). The right-sidedlts of PIV analysis around the 1-somite stage in control (A), or in the presence of
tward; red, leftward. (D) Mean beat frequencies of the node cilia. Data from two
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D. Takao et al. / Developmental Biology 376 (2013) 23–30 27expression pattern of Cerl-2 in the node was kept in the control
embryos, while some embryos showed symmetric expression
pattern when cultured (Fig. 4D, F). In the presence of ionomycin,
the asymmetric pattern was disrupted, and the expression level in
most treated embryos was much lower than that in control
(Fig. 4E, F). Little or no expression of Cerl-2 was observed in the
presence of thapsigargin (Fig. S6C, D).
Quantifying the spatiotemporal distribution of Ca2þ signals in the
node
Events that occur between the late headfold and early somite
stages are essential for determination of left–right asymmetry. It
is during this period that Ca2þ signals increase in the endoderm
on the left side of the node (McGrath et al., 2003; Tanaka et al.,
2005; Hadjantonakis et al., 2008), and that the embryo is sensitive
to artiﬁcial external ﬂow (Nonaka et al., 2002). We therefore
concentrated our quantiﬁcation of spatiotemporal Ca2þ distribu-
tion during these stages. Many cells in the node showed dynamic
Ca2þ signals during this time period. However, starting at the late
headfold stage, Ca2þ signals were observed more frequently in
cells in the periphery of the node, and were reduced at the
anterior region of the node. This ‘‘horseshoe’’ pattern was quite
similar to the pattern of Nodal expression in the node (Fig. 4A),
suggesting that this region may be of particular importance for
establishing left–right asymmetry. When we quantiﬁed the spa-
tiotemporal Ca2þ distribution separately for the entire node
versus the peripheral node (Suppl. methods, Fig. S5), we observed
similar trends in total signal frequency, but they were more
pronounced in the latter (Fig. S7). Therefore, for subsequent
analyses, we focused on the peripheral node.
In wild-type embryos, the total Ca2þ signal frequency gradu-
ally increased as development progressed (Fig. 5). The increase of
node size between the early headfod and one-somite stages may
contribute to the observed increase in signal frequency. We then
analyzed the Ca2þ signal distribution relative to the center of the
node (Fig. 6). At the early headfold stage, the distribution
appeared symmetrical. However, at the late headfold and sub-
sequent stages, the signal frequency was signiﬁcantly higher on
the left side than on the right side (Fig. 6, Fig. 7A).
We then performed similar analyses in iv/iv mutants, in which
node cilia are immotile and nodal ﬂow is absent, resulting inrandomized laterality (Supp et al., 1997; Okada et al., 1999). The
total Ca2þ signal strength in the peripheral node of iv/iv embryos
was comparable to that of wild-type embryos (Fig. 5), indicating
that the overall level of Ca2þ is unaffected in iv/iv mutants.
Moreover, the Ca2þ signal was symmetric at the early headfold
stage in both iv/iv and wild-type embryos (Figs. 6, 7B). However,
at later stages, the iv/iv embryos showed left-sided, right-sided,
and symmetric Ca2þ signal distributions (Fig. 2D, E, Movie 4,
Movie 5), a diversity similar to the various Nodal expression
patterns seen in these mutants (Lowe et al., 1996). As a result, the
average signal distribution was symmetric in iv/iv mutants
throughout all stages observed (Figs. 6, 7B).
Finally, we examined Ca2þ signals in the nodes of Pkd2
knockout embryos. Interestingly, the Ca2þ signals were present
in these embryos (Fig. 2F, Movie 6), indicating that polycystin-2 is
not essential in the generation of Ca2þ signals. To determine
whether polycystin-2 regulated the frequency and/or distribution
of Ca2þ signals, we analyzed the signal frequencies and distribu-
tions in Pkd2 knockout embryos. We found that the total signal
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Fig. 6. Spatial orientation of Ca2þ signals in the peripheral node. The signal frequencies are plotted according to the orientation relative to the center of the node.
Populations on the right and left side of the midline are distinguished by blue and red colors, respectively. Inner and outer circles correspond to frequencies of 1 and
2 min1, respectively. A, anterior; P, posterior; R, right; L, left. EHF, early headfold, LHF, late headfold.
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D. Takao et al. / Developmental Biology 376 (2013) 23–3028frequency in the peripheral node was reduced in Pkd2 knockout
embryos (Fig. 5). At the late headfold, two-somite, and three-
somite stages, the signal frequencies were signiﬁcantly lower
than in wild-type embryos at equivalent stages. The results
suggest that polycystin-2 either directly or indirectly regulates
Ca2þ signal frequency. In addition, the distribution of Ca2þ
signals was more symmetric in Pkd2 mutants than in wild-type
(Figs. 6, 7C). In cases where signals were more frequent on the left
side, the overall frequency was very low (Fig. 7C).Discussion
Observation and quantitative description of the Ca2þ signals in the
node
In this study, we observed dynamic Ca2þ signals in the node of
the mouse embryo, and developed a method to quantify and
spatiotemporally map these signals (Fig. 1, Movie 1). The Ca2þ
signals disappeared in the presence of thapsigargin (Fig. 2C). Since
thapsigargin depletes Ca2þ stores in endoplasmic reticulum, this
suggests that the Ca2þ signals in the node require internal Ca2þstores, and that, even if inﬂux through the membrane channels is
involved, it alone is insufﬁcient to drive the Ca2þ signals.Ciliary movements in the node are independent of Ca2þ signals
Although Ca2þ signals are generally involved in the regulation
of ciliary movements in other cell types (Evans and Sanderson,
1999; Iwadate and Nakaoka, 2008; Shiba et al., 2008; Qin and
Xiang, 2011), the beat frequencies of cilia in the node were not
affected by the disruption of Ca2þ signals with ionomycin or
thapsigargin (Fig. 3D). In addition, normal nodal ﬂow was
observed in the presence of ionomycin or thapsigargin (Fig. 3B,
C). Thus, we conclude that Ca2þ signals do not appear to be
involved in the regulation of ciliary movements in the node. Given
that both fast and slow artiﬁcial ﬂow can rescue asymmetric
patterning in iv/iv embryos from laterality defects (Nonaka et al.,
2002), the rate of nodal ﬂow may not be crucial for establishing
laterality. Furthermore, recent evidence has suggested that even a
small number of cilia is sufﬁcient to generate left–right asym-
metry (Shinohara et al., 2012). Therefore, it is possible that node
cilia do not require the precise regulation of beat frequency that
D. Takao et al. / Developmental Biology 376 (2013) 23–30 29other cell types need. Rather, they may simply need to move
enough to generate a unidirectional external ﬂow.
Relationship between Ca2þ signals and asymmetric gene expression
Application of ionomycin increased the fraction of bilateral
Nodal expression in the LPM (Fig. 4B, C) and reduced Cerl-2
expression level in the node (Fig. 4E, F). The most straightforward
interpretation of these results is that the increased Ca2þ signals
primarily downregulated Cerl-2 expression in the node, which
then caused upregulated Nodal signaling. This idea is consistent
with the report from Yoshiba et al. (2012) that showed Cerl-2 to
be a major target of the left–right signaling pathway mediated by
polycystin-2. Yet it is not guaranteed that the continuous eleva-
tion of intracellular Ca2þ induced by ionomycin treatment
mimicked high frequency of dynamic Ca2þ signals, and there is
a possibility that the Ca2þ signals also affected other factors that
determined Nodal expression. Further analyses will be needed to
understand this process.
In the presence of thapsigargin, Nodal expression was absent in
the LPM (Fig. S6A, B), presumably due to its reduced expression in
the node (Fig. S6A). The expression level of Cerl-2 in the node was
also reduced in the presence of thapsigargin (Fig. S6C, D), how-
ever, the expression level of Cerl-2 in the Pkd2 knockout embryos
is not reduced (Yoshiba et al., 2012). Thus, the results of
thapsigargin treatment cannot be applied to deduce the function
of polycystin-2, probably because thapsigargin would induce a
much severer Ca2þ depletion than only losing polycystin-2
channels.
Spatiotemporal distribution of Ca2þ signals suggests a role in left–
right axis formation
The spatiotemporal distribution of dynamic Ca2þ signals in the
node resembled that of Nodal expression: i.e., the signals showed
symmetric distributions at the early headfold stage, and gradually
became more frequent on the left side at later stages (Fig. 6,
Fig. 7A). Together with the results of in situ hybridization (Fig. 4),
these data suggest that the dynamic Ca2þ signals in the node
regulate Nodal signaling through the regulation of Cerl-2
expression.
In Pkd2 knockout embryos, the frequency of dynamic Ca2þ
signals was signiﬁcantly lower than that in the wild-type embryo
(Fig. 5), suggesting that polycystin-2 is involved in regulating
Ca2þ signals in the node. These results suggest that, in addition to
Ca2þ signal distribution, signal frequency is also an important
factor in left–right patterning.
Model for the establishment of left–right asymmetry
In this study, we investigated the relationship between later-
ality phenotype and the distribution of dynamic Ca2þ signals in
the node. The simplest interpretation of our results is that nodal
ﬂow is responsible for the left-sided distribution of Ca2þ signals,
and the high frequency of Ca2þ signals then triggers a down-
stream pathway in that region. Even if Ca2þ signals are asymme-
trically distributed, as in the Pkd2 knockout embryos, low-level
signals would be insufﬁcient to drive downstream signaling. A
physiological signiﬁcance of such a mechanism may be to gen-
erate robust asymmetry along the left–right axis. In a noisy
system, asymmetric signal cues can easily ﬂuctuate, and the weak
external ﬂow generated by node cilia may be too unreliable to
establish robust asymmetry. Thus, integration of Ca2þ signals
over time may contribute to the regulation of downstream path-
ways. Indeed, the fact that frequency-modulated regulation
by Ca2þ signals constitutes a widely adopted strategy for cellsignaling (Dolmetsch et al., 1998; Gerbino et al., 2005; Salazar
et al., 2008) corroborates our idea.
Although our model explains our experimental results, it still
remains to be directly tested. If nodal ﬂow does indeed affect the
distribution of Ca2þ signals, determining the underlying mechan-
ism (e.g., whether it utilizes mechanosensation or chemosensa-
tion) will be a challenge. Interestingly, Pkd2 expression in the
peripheral node, but not the entire node, is sufﬁcient to establish
laterality (Yoshiba et al., 2012). The result is consistent with our
model, in which polycystin-2 in the peripheral node may regulate
Ca2þ signals. Another question that remains to be addressed is
whether the Ca2þ signals in the node are related to those in
adjacent endodermal cells (McGrath et al., 2003; Tanaka et al.,
2005; Hadjantonakis et al., 2008). We did not reliably observe
asymmetric Ca2þ increases in the endoderm, presumably due to
the difference in the Ca2þ indicators. However, it is possible that
Ca2þ signals in the node are transmitted to the endodermal cells
and induce stable increase of Ca2þ levels (Hadjantonakis et al.,
2008; Saund et al., 2012; Viotti et al., 2012). Therefore, the model
presented in the present study is easily reconcilable with previous
models. In addition, it is also possible that the Ca2þ signals have
multiple functions in the node, as they are commonly used in
cellular signaling during morphogenesis (Slusarski and Pelegri,
2007).Conclusions
In this study, we have established a system to image and
analyze the dynamic Ca2þ signals in the node of a live mouse
embryo during left–right axis formation. Our quantitative analy-
sis showed that the Ca2þ signal distribution in the node correlates
well with asymmetric left–right patterning. In addition, our data
suggests a new aspect of Ca2þ signals — i.e., not just the
amplitude, but the frequency of Ca2þ signals may regulate
asymmetric patterning — although further investigation is still
needed. This system will be useful for future investigations of the
mechanism of left–right axis determination in mouse embryos.Acknowledgments
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